Objectives: Schwann cells (SCs) are the principal glial cells in peripheral nerve system, involved in neuropathies with great regenerative potential. Dental pulp cells have been reported to maintain neurogenic potential. In contrast, the regulatory role of SCs on human dental pulp cells (hDPCs) development remains undefined.
| INTRODUCTION
Schwann cells (SCs) are major glial cells in peripheral nervous system (PNS), with great abilities in nerve repair and regeneration. SCs can secrete various neurotrophins (NTs), including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), neurotrophin 4/5 (NT4/5) and glial cell line-derived neurotrophic factor (GDNF), which function as nutrition support preventing injured neurons from dying and promoting regeneration of axons. 1, 2 SCs also provide molecules involved in cell adhesion, as well as other components in extracellular matrix, which can guide regenerated axons to grow and function in specific organ. 3 In nerve grafting or regeneration, SCs develop gap junctions and tight junctions to ensure matter exchange with regenerating axons. 4, 5 Moreover, various researches indicated that NTs which were abundantly secreted by neural cells, regulated tooth innervation, and this showed a potential role on promoting dental pulp cell differentiation and calcification. 6, 7 On the contrary, transplanted dental pulp stem cells provide trophic supports
for SCs by secreting NGF, BDNF and GDNF in rat in peripheral nerve regeneration. 8 These evidences suggest a potentially reciprocal interaction between dental mesenchyme and neural cells.
For decades, it was admitted that dental papilla/pulp cells (DPCs) and dental follicle cells were originated from cranial neural crest cells. Recently, Nina Kaukua and colleagues identified a population of dental mesenchyme stem cells by lineage tracing, and it turned out these cells
were derived from peripheral nerve-associated glial cells. As the major population of nervous glial cells, the precursors of SCs generated dental mesenchymal stem cells (MSCs), which differentiated into dental pulp cells, and eventually into odontoblasts. 10 These researches suggest SCs and dental mesenchymal cells have strong connection during tooth generation.
Extracellular vesicles (EVs) are a type of mixed vesicles, including endosome-derived exosomes (with a diameter of 50-100 nm) and cell membrane-derived ectosomes (with a larger diameter of 100-1000 nm). 11 These bilipid-membrane vesicles are produced by cells stimulated by pathology, apoptosis, hypoxia stress or experiencing quiescent state. 12 They contain various types of cargoes, such as proteins, liposomes, miRNAs and mRNAs. After fused with the membrane of target cells, inner cargoes are released into target cells. Due to the special structure of EVs, luminal molecules are prevented from degradation, 13 thus providing a crucial approach for cell to cell communication. 14 SCs from peripheral nervous system have been thought to have favourable potential for nerve regeneration, and EVs secreted by SCs exhibit similar function to increase axonal regeneration. 15, 16 Recent researches
showed that human dental pulp cells (hDPCs) could be induced to differentiate into neural cells, with implications for neural diseases therapy. [17] [18] [19] [20] Peripheral SCs were recognized as an important therapeutic cell resource for neurological diseases, and they consisted of the main glial cells in the PNS, with great regenerated potential for myelination. 21 Meanwhile, exosomes from MSC were recognized as significant contributors in MSC clinical therapy. 22, 23 However, whether SCs modulate dental MSCs development is still unknown. In this study, we investigated the regulatory potentials of SCs on hDPCs, and found that SC conditioned culture medium (SCmd) showed significant regulating ability on hDPCs proliferation and multipotency. We further identified EVs from SCmd as the principal factors modulating hDPCs development. Finally, the proteomes of EVs and SCs were analysed by mass spectrometry, and 937 common proteins (appeared in both EVs and SCs) were identified between EVs and its maternal cell SCs, as well as 211 distinct proteins from EVs and 1371 from SCs. Then, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways and GO (Gene Ontology) terms were used to analyse biological enrichment of these proteins. Through the consistent proteins distribution in biological pathways and functions, our work indicated EVs secreted by SCs (SC-EVs) have the potential to act as an alternative of SCs in the application of tooth regenerative engineering.
| METHODS

| Primary cell isolation and cell culture
hDPCs were isolated and derived from extracted tooth of patients as previously described. 24 For all the experiments involving human subject were in accordance with guidelines of the Ethics Committee of West China
College of Stomatology (Sichuan University) as well as informed consent had been obtained from the participants. And all experimental protocols were approved by the Committee of Ethics of Sichuan University. Tissues were cut into patches, transferred into centrifuge tubes and washed twice with PBS. And then Pipetted out PBS, added 1 mL trypsin, incubated the tissue at 37°C for 20 minutes and shook gently to mix well, terminated the digestion with 1 mL α minimum essential medium (α-MEM)/10%
foetal bovine serum (FBS) (10% α-MEM) medium, consisted of α-MEM (Gibco, Gaithersburg, Md, USA) supplemented with 10% FBS (Biowest, Riverside, MO, USA) and 1% penicillin/streptomycin (Sigma, St. Louis, MO, USA). After that, the tube was centrifuged at 200g for 5 minutes;
the supernatant was removed and the cell pellet was re-suspended with 10% α-MEM. Then, tissues were plated into the dishes pre-coated with poly-L-lysine and shook gently to distribute the tissues evenly. Cells were incubated in normal culture environment (37°C, 5% CO 2 ).
Rat cell lines of SCs (RSC96) were commercially purchased from CAS (Chinese Academy of Sciences, China) and cultured in α-MEM/2%
FBS (2% α-MEM). Culture medium of SCs was collected every 24 hours followed by 600g centrifuge and filter using 0.22 μm filter unit. Then, collected media were equally mixed with 2% α-MEM to be prepared as SCmd for the following experiments. hDPCs were cultured with SCmd while 2% α-MEM serves as control. 
| Immunofluorescence
| Flow cytometry
Cells were digested with trypsin and harvested into 1. 
| Cell proliferation assay
| RNA preparation and real time qPCR
RNA extraction was performed using RNAiso (Takara, Biotechnology, Tokyo, Japan). RNAs were reversely transcribed into cDNAs using RT first strand cDNA synthesis kit (Thermo). Real time qPCRs were performed using SYBR Green I kit (Thermo) and specific primers which are listed in Tables S1 and Table S2 , and all Ct values were normalized by GAPDH level.
| Protein and western blot
Protein extraction was conducted using total Protein extraction kit (KEYGEN). Protein samples were treated with 4X loading buffer and 
| EVs isolation and morphology and size identification
EVs were isolated from rat SC supernatant as previously described. Transmission electron microscopy (TEM) was used to identify the morphology and size of EVs. Firstly, EVs sample was suspended in PBS and added one drop onto carbon-support film grid and visualized with 2% ammonium molybdate. EVs were observed on a Hitachi H-7650 transmission electron microscope (Hitachi, Tokyo, Japan).
| hDPC multilineage differentiation
hDPC was treated with SCmd or EVs for 7 days before refreshed with differentiation induction medium and continued to culture for 7-10 days. Osteogenic induction medium was commercially purchased from Cyagen Biosciences and adipogenic and neurogenic induction medium were prepared as previously described. 26 And then cells were collected for stain or RNA isolation. Cells for staining were immobilized with 4% paraformaldehyde and then stained with alizarin red for further observation.
| Mass spectrometry 2.9.1 | Protein sample preparation
Cell pellets and EV pellets were respectively suspended in SDT lysis buffer 27 containing 4% SDS, 100 mmol/L Tris-HCl and 1 mmol/L DTT (PH 7.6). The lysates were denatured at 100°C for 10 minutes and centrifuged to remove the debris. The sample was quantified by BCA Protein Assay Kit (Bio-Rad, Hercules, CA, USA) and stored at −80°C.
| Filter-aided sample preparation
The filter-assisted sample preparation (FASP Digestion) method was based on procedures described previously. 27 Each sample contain- 
| Liquid chromatography and tandem mass spectrometry (LC-MS/MS)
Each fraction was injected for nano LC-MS/MS analysis. The peptide mixture was loaded onto a reverse phase trap column (Thermo Scientific Acclaim PepMap100, 100 μm*2 cm, nanoViper C18)
connected to the C18-reversed phase analytical column (Thermo Scientific Easy Column, 10 cm long, 75 μm inner diameter, 3 μm resin)
in buffer A (0.1% Formic acid) and separated with a linear gradient of buffer B (84% acetonitrile and 0.1% Formic acid) at a flow rate of 300 nL/min controlled by IntelliFlow technology.
LC-MS/MS analysis was performed on a Q Exactive mass spectrometer (Thermo Scientific) that was coupled to Easy nLC (Proxeon
Biosystems, now Thermo Fisher Scientific) for 120 minutes. MS data were acquired using a data-dependent top 10 method dynamically choosing the most abundant precursor ions from the survey scan (300-1800 m/z) for HCD fragmentation. The instrument was run with peptide recognition mode enabled. Each sample pool contained three biological replicates and was measured in two technical replicates.
| Data analysis
The raw data were analysed using MaxQuant software version 1.3.0.5
(Max Planck Institute of Biochemistry in Martinsried, Germany). 28 All the peptides were referred to the UniProt database. 29 Unique proteins identified on the basis of two or more peptides were included in the analysis. The following parameters were used for the search: trypsin with maximum two missed cleavages, mass tolerance were ±20 ppm;
fixed modification by carbamidomethyl (C), oxidation (M) and acetyl (protein N-term) as variable modifications. Proteins below the 1% false discovery rate were considered. Gene ontology (GO) analysis was performed using FatiGO. 30 We use intensity-based absolute- 
| Statistics analysis
Independent two-tailed Student's t test was performed for all the statistical analyses. 33 Experiments were performed in triplicate. *P<.05
were considered as statistically significant.
| RESULTS
| Cell isolation and characterization
SCs appeared fusiform morphology and showed two neurites and small cell body, positively expressing S100 ( Figure 1A ). hDPCs were In CFU assay, more cell colonies formed in SCmd group ( Figure 2D ).
Moreover, cells showed no morphogenic differences from normal cultured primary cells in SCmd group; however, in control group, colonies were much smaller than SCmd group, and cells appeared abnormal morphology, rough edges and flat body shape ( Figure 2C ). We detected stem cell-related genes and proteins expression at distinct time points (day 3, day 7, day 14). Results showed that transcription factors Nanog, Oct4 and Sox2 upregulated after induced by SCmd, especially Oct4 (Figure 3) . At the mRNA level, upregulation effect was more significant when treated with SCmd for a long period ( Figure 3C ). And at the protein level, Sox2 showed obvious upregulation at day 14 ( Figure 3D ).
| Schwann cell EVs promoted hDPCs proliferation and self-renewal
To investigate the specific components in SC secretion, which functioned in promoting cell proliferation, we isolated and collected EVs from SC culture medium without FBS. TEM data showed EVs mostly exhibited 50-120 nm in diameter ( Figure 4A ) which were widely defined as exosomes; while, a small population were 120-500 nm in diameter which were defined as ectosomes. 11 And EV lysates were positive for exosome markers, CD9, Hsp70, and low expression level of TSG101, and negative for GAPDH ( Figure 4B ). EVs were used to treat hDPCs to detect regulatory roles on cell proliferation and we found SC-EVs enhanced cell proliferation which was consistent with SCmd treatment at a concentration-dependent manner ( Figure 4D ).
To verify whether EVs were the functional components in SCmd that maintained hDPCs' precursor characteristics, we treated hDPCs with SC-EVs at a concentration of 15 μg/mL. The expression of stem cell-related genes, Nanog, Oct4 and Sox2, were significantly upregulated, especially for 7-day treatment ( Figure 4E ). In the result of western blot, Nanog, Oct4 and Sox2 upregulated after a 14-day-EV treatment ( Figure 4F ). And CFU assay revealed that EVs enhanced hDPCs self-renewal capacity ( Figure 4H ). Interestingly, hDPCs became more stereoscopic and homogeneous when treated with SC-EVs for 3 days. But in control, substantial cells appeared flat and irregular in morphology ( Figure 4C ). 
| SCmd and SC-EVs enhanced hDPCs multipotency
| Comparison of SC proteome and SC-EV proteome
Both SC proteome and SC-EV proteome were analysed by LC-MS/ MS. Totally, we detected 1148 proteins/peptides in the EV sample, among which 937 were common proteins shared with SC sample, while there were 1371 differential proteins appeared only in the SC proteome ( Figure 6A ). GO terms analysis result exhibited highly similar distribution between SC and EV proteome in cellular component ( Figure 6B ), molecular function ( Figure 6C ) and biological process Figure 7D ).
| TGFβ-Smad and TGFβ-MAPK signalling were activated in SCmd and EVs treatments
hDPC was treated with SCmd and SC-EVs for 7 days, and the results indicated both TGFβ-Smads signalling and MAPKs were predominantly upregulated after SCmd treatment. TGFβ2 was detected in the SC-EVs ( Figure 8C ). Smad2, Smad4, P38, Erk1/2 and JNK, as well as their corresponding phosphorylated proteins p-Smad2/3, p-P38, p-Erk1/2 and p-JNK, were prominently upregulated by SCmd treatment ( Figure 8A,B) . And P38 and Erk1/2 showed no apparent changes in EVs treatment; instead, JNK significantly increased by EVs treatment, and p-JNK and p-Erk1/2 were somewhat activated ( Figure 8B ).
At mRNA level, it revealed a consistent upregulation trend in Smad2, Smad4 and Mapk1 ( Figure 8A ).
Particularly, we checked the stem cell-related genes and proteins expression in SC-EVs, and found Oct4 was predominantly expressed and no obvious Sox2 was detected ( Figure 8C ). And in SC-EVs mRNA, we detected expression of Sox2, Nanog and Oct4, while GAPDH, Col1 served as a negative control was not detected (Figure 8D ), suggesting there is stem cell-related genes and proteins expression in SC-EVs.
| DISCUSSION
Schwann cell originates from neural crest cell along with MSC. SC-EVs elevated the expression of Sox2, Oct4 and Nanog in hDPCs.
Similarly, placenta MSC-derived exosomes increased the expression of stem cell-related genes Oct4 and Nanog in target cells. 41 All these together may suggest the homology between SCs and dental mesenchymal cells.
In this study, we demonstrated that SCmd, as well as SC-EVs, predominantly promoted hDPC proliferation. Accumulated data indicated studied cytokines that modulated cell survival, proliferation, inflammation and apoptosis. [45] [46] [47] [48] Non-myelinating SC exclusively produced active TGFβ to sustain dormant haematopoietic stem cells in bone marrow niche. 49 Schwann cell highly expressed TGFβ2 ( Figure 8C ).
In parallel, TGFβ2 was detected in SC-EVs, and TGFβ1 and TGFβ2
showed high iBAQ level in SC-EVs mass spectrometry results (data not listed) which might implicate that SCmd and EVs activated the TGFβ signalling in hDPC to regulate cell growth. TGFβ-Smad signalling was well-documented to arrest cell proliferation, and it potentially indicated that TGFβ regulated hDPCs proliferation mainly through Smad-independent pathway in our study. 50 Meanwhile, we found three classic MAPKs-Erk1/2, P38, JNK and their respective activate forms-p-Erk1/2, p-P38, p-JNK-were upregulated, especially in SCmd treatment. MAPKs were recognized to be tightly connected to cell survival and growth pathways. 47 These might suggest TGFβ from SCmd and EVs participate in both Smad-dependent and -independent signallings to mediate hDPC proliferation. In addition, the slight differential expression in TGFβ signalling between the SCmd and EVs treatments may be caused by other growth factors or NTs secreted by SCs.
Here, we demonstrated that hDPCs maintained strong selfrenewal ability and elevated the multidifferentiation capability in the case of osteogenic/adipogenic/neurogenic differentiation stimuli when treated with SCmd and SC-EVs. Three canonical stem cellrelated genes or proteins Sox2, Nanog and Oct4 which were proved to contribute to cell multipotency and self-renewal were significantly upregulated. [51] [52] [53] Earlier data conclude two possible mechanisms that EVs regu- clarified that Oct4 served as one crucial inducer in generating induced pluripotent stem cell, and showed a master regulating role in stem cell maintaining. [56] [57] [58] [59] In this study, we proved that all the SCmd-and EV-treated groups (d3, d7, d14) showed upregulated and abundant Oct4 expression in EVs. It suggested that horizontal transfer of Oct4 was responsible for the enhanced self-renewal and multipotency of hDPCs.
From SC proteome and SC-EV proteome analysis, various proteins involved in cell survival were identified. Through KEGG pathways and GO terms, proteins localized in extracellular region and participated in endocytosis showed high rates in EVs (Figures 6 and   7 ), which was in accordance with the biogenesis of EVs. 14 Among the relatively enriched proteins in SC-EVs, three TGFβ signalling molecules (TGFβ1, TGFβ2 and TGFβ3) highly expressed, contributing to our conclusion that TGFβ ligands from EV activated growthrelated signalling in hDPCs, and modulated cell proliferation and differentiation.
Our study implicated a novel function for SC-EVs that regulated dental MSCs proliferation and maintained the multipotency and self- 
